The current situation of chiral drug development in Japan was investigated. The trend in the Japanese pharmaceutical development is increasingly moving towards the development of single isomers rather than racemates. The development of single-enantiomer drugs was made possible by the current technologies of asymmetric synthesis and chiral separation, and encouraged by the guidelines on the development of chiral drugs worldwide. Japan has not issued specific guidelines on the development of chiral drugs, however, the chiral drug development approached in Japan were essentially consistent with the approaches recommended by the U.S.A. and EU guidelines.
INTRODUCTION
Pharmaceuticals with an asymmetric carbon (chiral center) are often referred to as chiral drugs. Chiral drugs were mainly presented as the racemate, which is a mixture of equal amounts of leftand right-handed enantiomers. Two enantiomers in a racemate show completely identical physical and chemical properties when they are in an achiral environment. However, in a chiral environment such as in vivo, they demonstrate different chemical, biochemical, and pharmacologic behaviors. In principle, therefore, enantiomers in a racemic drug should be treated as two different compounds.
Although single-enantiomer drugs have been thought to be preferable to racemic drugs, most chiral drugs were developed as racemates due to the lack of technologies that produce singleenantiomers until recently. Current technologies of asymmetric synthesis and chiral separation made it possible for pharmaceutical companies to develop single-enantiomer drugs. Lately, many singleenantiomer drugs have been approved and marketed broadly. The Japanese government approved single- * To whom correspondence should be addressed: Division of Organic Chemistry, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan. Tel.: +81-3-3700-1141; Fax: +81-3-3707-6950; E-mail: okuda@nihs.go.jp enantiomer drugs four times as much as racemic drugs in early 2000 s, although there was not significant difference in the number of approved drugs between racemic and single-enantiomer drugs in early 1990s (Fig. 1) . The trends in world development and approval of chiral drugs were similar; the worldwide market share of single-enantiomer drugs increased from 27% in 1996 to 39% in 2002. [1] [2] [3] Pharmaceutical companies cannot market new drugs in Japan and in other regions until approved by the regulatory authorities, and they have to submit technical documents for new drug applications. The regulatory authorities evaluate the content of the technical documents to assure quality, efficacy and safety. In order to assure drug quality 4) in Japan, specifications and critical manufacturing processes are needed to be written in legally binding approval documentation. In contrast, almost all of subjects described in technical documents are considered as legally binding matters in other countries. As a result, approval matters on quality-related issues are often different between Japan and other countries.
We considered it important to research what kinds of data are to be collected during the development of chiral drugs and how the regulatory authorities evaluate these data. Additionally it is valuable to realize what kinds of issues are dealt with as legally binding matters. The findings can provide common understanding between pharmaceuti- cal companies and the regulatory authorities, and facilitate development of chiral drugs.
In this article, we analyzed data on manufacturing, quality, pharmacology, toxicology, and pharmacokinetics of single-enantiomer and racemic drugs that were approved by the Japanese government, and discussed the current state of development and approval of chiral drugs.
MATERIALS AND METHODS
The drugs that were approved from January 2001 to July 2003 were surveyed. The information sources were the data summaries [Module 2 of Common Technical Document (CTD) in the present system] that were submitted by the applicants for New Drug Application (NDA) and the approval documentations that were described specifications and test methods of drug substances. This information, especially quality parts, is not completely publicly available, although Module 2 of CTD and review reports available on the Internet. 5, 6) Therefore, we did not disclose the individual substances' name.
In this article, the term of 'chiral drug' contains both a single-enantiomer and a racemic drug.
RESULTS

Classification of Approved New Chiral Drugs by Stereochemistry (Fig. 2)
There were 76 new active ingredients that were approved between January 2001 and July 2003 excluding biologics, antiseptics for medical devices and in vivo diagnostics.
We classified them into achiral drugs, racemic drugs and single-enantiomer drugs with one-chiral center or multi-chiral centers. The 76 new substances consisted of the 29 achiral drugs (black portion, 39%), the 23 single enantiomer drugs with multi-chiral centers drugs (strip portion, 30%), the 14 single enantiomers with one-chiral center (gray portion, 18%), and the 10 racemic drugs (white portion, 13%). The total number of single enantiomer was 37.
We investigated further details of the 37 singleenantiomer drugs and the 10 racemic drugs as shown in the following sections.
Single-enantiomer Drug Substances
Manufacturing Routes ( Fig. 3 ): The 29 singleenantiomer drugs out of the 37 investigated drugs were produced from single enantiomeric starting materials (gray portion, 78%). In this research, the starting materials indicate starting compounds by manufacturing method in approval documentation and in good manufacturing practices (GMP) compliance. Asymmetric synthesis was used for formation of single-enantiomers for the three singleenantiomers (stripe portion, 8%).
The five substances were isolated by asymmetric resolution (white portion, 14%). The four substances out of the five were purified by crystallization. The other one was purified by chromatographic resolution.
Stereochemical Characterizations on Chirality (Fig. 4) : The stereochemical structures of 22 single-enantiomers were determined by X-ray crystal structure analysis (gray portion, 59%), and 4 single-enantiomers were confirmed by identification through the authentic samples (stripe portion, 11%). No information was reported on characterization of chirality for the remaining 11 singleenantiomers (white portion, 30%). Specifications for Assuring Chirality (Fig. 5 ): Optical rotation was adopted as specifications for the 21 single-enantiomers (gray portion, 57%). The chromatographic methods for optical purity determination were chosen for the two enantiomers (strip position, 5%). Both optical rotation and optical purity were adopted as specifications for the 11 enantiomers (white portion, 30%).
No specification for assuring chirality was set for the three enantiomers (black portion, 8%).
Pharmacokinetic Studies on Chirality (Fig. 6 ): Pharmacokinetic studies were conducted for all of the single-enantiomer drugs, and some sort of pharmacokinetic evaluation relating to chirality was reported for the 12 single-enantiomers. Among them, chiral inversion was evaluated for the 10 singleenantiomers (strip portion, 27%). One out of the 10 single enantiomers indicated chiral inversion on mouse, although the other 9 single enantiomers did not show any chiral inversion.
One of the other two single enantiomers was proved to generate an enantiomer-specific metabolite (black portion, 3%); and the other one, which did not show any chiral inversions, was additionally investigated on the chiral inversion in metabolite formation (white portion, 3%).
No pharmacokinetic study on chirality was reported in the data summaries of the 25 singleenantiomers (gray portion, 67%).
Racemic Drug Substances
Stereochemical Characterization (Fig. 7) : All of the 10 racemic drugs were confirmed to be a racemic substance by some methods. Optical rotation was reported for all of the 10 racemates. Chiral HPLC analysis and X-ray analysis was reported for the nine and the four racemates, respectively. For the four racemate, both chiral HPLC analysis and X-ray analysis were performed.
Pharmacology of Individual Isomers (Fig. 8 ): Pharmacological activity of each enantiomer was investigated for all of the 10 racemic drugs. Little difference was observed in pharmacological activities of both enantiomers in the five racemates (stripe portion, 50%). For the four racemates, each enantiomer in the racemate indicated different pharmacological potency (gray portion, 40%). For the three of the four racemates, the enantiomers that had greater pharmacological potency were more toxic. The mechanisms of toxicities were same as those of pharmacological activities. In the other racemate, the one enantiomer indicated equivalent toxic potency to the racemate. Different results were observed between both enantiomers depending on assay systems for the one racemate (white portion, 10%). In vivo assay the component isomers in this racemate did not show much difference.
Single-dose Toxicity of Individual Isomers ( Fig. 9 ): Individual single-dose toxicity was reported for 7 drugs out of the 10 racemic drugs. For the three racemates, both enantiomers indicated different single-dose toxicity (gray portion, 30%), and the enantiomer that had higher pharmacological activity was more toxic. Therefore, the development of single-enantiomer drugs was not necessarily beneficial in terms of both safety and efficacy, and the applicants developed the drugs as racemates.
For the four racemates, the individual enantiomers were not different at single-dose toxicity (stripe portion, 40%). Both enantiomers in the three racemates, which had no toxic information of individual isomers, indicated similar pharmacological activities.
Pharmacokinetic Study of Individual Isomers (Fig. 10) : Pharmacokinetic evaluations of individual enantiomers were performed for nine racemates using experimental animals and/or human including human tissue-derived materials (Fig. 10) . Chiral in- version was evaluated for the six racemates, all of which were not observed any chiral inversion. Drug interaction between both enantiomers of the three racemic drugs was investigated. In the other one racemic drug, no pharmacokinetic study relating to chirality was reported. Pharmacokinetic profiles of enantiomers were investigated for the eight racemic drugs using experimental animals. The four racemic drugs indicated that the individual enantiomers have different profiles. However, there was no difference between both isomers in the rest of four racemates.
Pharmacokinetics was studied using human (healthy volunteers, human tissue-derived materials) for the seven racemates. Pharmacokinetic profiles were different between both enantiomers of the three racemic drugs. The enantiomers of the racemic drug demonstrated different results depending on experimental subjects.
For the four racemates of which each enantiomer indicated different pharmacological potency, both pharmacokinetic profiles of individual enantiomers and chiral inversion were investigated. Drug interaction between both enantiomers was evaluated in the two racemates out of the four.
DISCUSSIONS
Development of single-enantiomer drugs was made possible by the introduction of asymmetric synthesis and chiral separation technologies. In addition, the publication of several guidelines dealing with chiral drugs [7] [8] [9] [10] encouraged the development of single-enantiomer drugs for pharmaceutical manufacturers. The following problems of racemic drugs were parts of the reason for making those guidelines: 7-9) One member of an enantiomeric pair might be pharmacologically active and the other inactive; Enantiomers might have different concentration-response relationships for some property; Enantiomers might have completely different activities; Toxicity of a racemic drug might be linked to one member of enantiomeric pairs; Enantiomers might have different pharmacokinetic behavior.
North America 7, 8) and Europe 9) have their original guidelines on chirality that describe manufacturing, quality, pharmacology, toxicology, pharmacokinetics and so on. Additionally, quality of chiral drugs was stipulated by a guideline of the International Conference on Harmonization of Technical Requirements for the Registration of Pharmaceutical Human Use (ICH). The guideline, entitled "Specifications: test procedures and acceptance criteria for new drug substances and new drug products: chemical substances" 10) and encoded as Q6A, recommends applicants, in case of development of single-enantiomer drugs, to consider the other enantiomer as an impurity and to set the identity tests capable of distinguishing both enantiomers and the racemic mixture.
Japan has not issued specific guidelines on the development of chiral drugs. ICH-Q6A was implemented officially in Japan on May 1, 2001 and came into effect on July 1, 2001. 11) There was a transitional period from the previous guideline until July 1, 2003 . Although the drugs surveyed in this paper are not necessarily objects of ICH-Q6A, applicants could prepare to follow ICH-Q6A since it reached Step 4 in October 1999. Additionally, the Japanese regulatory authorities indicated that where the active ingredient is an optical isomer, a method of discriminating between enantiomers should be investigated and the ratio of enantiomers determined. [12] [13] [14] [15] Except for the quality point of view, 'Guidelines on Non-clinical Pharmacokinetic Studies' 16) says that when the investigational substance is a racemate, sponsors should monitor the enantiomers individually to determine the pharmacokinetic profiles. The developments of chiral drugs in Japan must be affected by U.S.A. and/or EU guidelines because pharmaceutical developments parallel in worldwide.
The above guidelines do not prescribe a selection strategy to develop as a single enantiomer or a racemate. However, applicants would be expected to provide a scientifically based justification when a racemic drug had been developed instead of a single-enantiomer drug.
Single-enantiomer Drug Substances
For the 11 single-enantiomers, the stereochemical characterization was not reported (Fig. 4) . It does not necessarily mean that the Japanese authorities did not receive any information, but it means that no stereochemical characterization was described in the data summaries. In Japan, reviewers use data summaries as a primary assessment document and technical reports as an additional tool, because significant issues are described in data summaries in the Japanese review system. On the other hand, reviewers directly assess individual technical reports on chemistry, manufacturing and control (CMC) in U.S.A.
The stereochemical characterization was reported for all the substances which were produced by asymmetric synthesis or asymmetric resolution, and hence we supposed that the stereochemical characterizations of the 11 single-enantiomers were regarded as less significant for the following reason: Those 11 substances were synthesized from singleenantiomeric starting materials containing multichiral centers such as sugars and steroids; Synthetic procedures of those substances were regarded as ensuring their stereochemistry.
ICH-Q6A guideline says that the identity tests should be capable of distinguishing both enantiomers and the racemic mixture for a drug substance developed as a single enantiomer. However, the specification for assuring chirality was not adopted for the three single-enantiomer drugs. One of them had one-chiral center, and the others had multi-chiral centers. Although the reason for rejected specifications is not clear from the data summaries, it might result from the fact that the NDA of three drugs were submitted during the transitional period for implementing Q6A, or those three substances might be regarded as retaining their starting material chirality, or the specification for assuring chirality might be considered to be meaningless.
Also, no pharmacokinetic study on chirality was reported in the data summaries of the 25 (67%) single enantiomers (Fig. 6 ), 19 of which had multi-chiral centers. In contrast, the chiral inversion was reported for the four single enantiomers with multi-chiral centers, however, less or equal two chiral centers were investigated in those enantiomers. For the single enantiomer with multi-chiral centers, their chiral inversion and isomer-specific metabolism tended to be considered to be complicated and unimportant.
